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Self-assembly of amyloid nanofiber is associated with functional and pathological 
processes such as in neurodegenerative diseases. Despite intensive studies, stochastic 
nature of the process has made it difficult to elucidate molecular mechanisms for the 
key amyloid nucleation. Here, we investigated the amyloid nucleation of silk-elastin-
like peptide (SELP) using time-lapse lateral force microscopy (LFM). By repeated 
scanning a single line on a SELP-coated mica surface, we observed sudden stepwise 
height increases, corresponds to nucleation of an amyloid fiber. The lateral force 
profiles followed either a worm-like chain model or an exponential function, 
suggesting that the atomic force microscopy (AFM) tip stretches a single or multiple 
SELP molecules along the scanning direction, serves as the template for further self-
assembly perpendicular to the scan direction. Such mechanically induced nucleation 
of amyloid fibrils allows positional and directional control of amyloid assembly in 
vitro, which we demonstrate by generating single nanofibers at predetermined 
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Chapter 1: Introduction 
 
1.1 Amyloid nanofiber 
Proteins are long chain polypeptides, and usually adopt a well-defined 3D structure. 
They serve many important roles in bioorganisms including as enzymes, components of 
muscle, and are involved in many molecular processes. However, under certain conditions, 
proteins can undergo structural rearrangement and self-assemble into beta-sheet enriched 1D 
structures, with a diameter ranging from 5-10nm, which we term amyloid fibers[1]. Self-
assembly of peptide molecules into fibrillar structures is an intrinsic property of some 
peptides in nature [2, 3].  
Amyloid is known to be involved in pathogenic diseases as Alzheimer’s, Parkinson’s 
disease but also shows functional purposes in bacteria, fungi, and mammalian cell [4] , due to 
its superior mechanical properties among biomaterials [5]. Furthermore, this nanofiber has 
potential to act as a template for nanoscale fabrication and core for nanoscale devices[6]. 
Therefore, it is important to understand the self-assembly process of amyloid. 
Self-assembly of relatively long polypeptides is a complex process due to multiple 
conformational states explored by the molecule. Various conformational states are 
represented by highly dynamic and transient states in a rugged energy landscape [7, 8]. 
However, under appropriate experimental conditions, the very nature of the dynamic 
equilibrium between different conformational states can lead into nucleating species which 
subsequently form amyloids [9]. Self-assembly of amyloid is critically dependent on 
nucleation processes. The nucleation step is known to have a high activation energy barrier, 




factors such as pH, ionic strength and the presence of seeds affect the lag phase of amyloid 
assembly[11, 12]. In addition to studies in bulk solution, amyloid formation on surfaces has 
been actively investigated since it may more closely mimic physiological environments such 
as cell membrane[13]. Surface accelerated assembly kinetics as well as directed growth of 
amyloid on surfaces has been reported using various peptides[14-19]. 
1.2 Mechanical Effect of Amyloid Formation 
Beside pH, ionic strength and presence of seed, mechanical force can also induce 
nucleation of amyloid. In macroscopic scale, sonication showed that mature fiber could be 
fragmented, forming broken nanofibers which serve as new seeds for further growth.[20] In 
other systems, sonication that provides random mechanical forces resulted in acceleration of 
amyloid formation by reducing a lag phase or by forming aggregated structures.[21, 22] 
Likewise, shear flow has been shown to induce aggregate formation which resulted in 
nucleation and thus amyloid. [23-25]. The flow along the axis of protein is speculated as one 
of the major mechanisms of ordering in the spinning apparatus of the amyloid-like fibrils 
from silkworms [26]  to spiders [27]. Fibril fragmentation was found to be the dominant 
secondary process that increases the rate of fibril formation.[28] In micro/nanoscopic scale, 
mechanical forces applied through tapping of an AFM tip can break amyloid nanofibers on a 
mica surface, creating fragments which can serve as nuclei for new amyloid growth. [29]   
 
1.3 Friction on Biomolecular Film 
Friction on the molecular scale is one of the most complicated yet challenging in the 
field of material science. The study in this area is called nanotribology. Friction and shear 




shear flow activated von Willebrand factor to partially unfold and triggers wound-healing 
process. [30] In addition, friction between articular cartilages results in osteoarthritis [31].  
General form of friction is explained to be linearly proportional to the applied normal 
force known as Amontons-Coulomb law, which inevitably fails to explain microscopic 
friction when only a few atoms/molecules are considered. Deformation of the surface in 
contact as function of a normal force leads to non-linear behavior at low force regime known 
as Hurtzian model of contact mechanics. Further improved contact mechanics model takes 
into account the nonspecific adhesive interaction between two substrates known as Johnson-
Kendall-Roberts (JKR) and Derjaguin-Muller-Toporov (DMT) theories.  
When soft matter is considered, adhesive contact mechanic is applied, however, the 
energy dissipation during the sliding process doesn’t stem only from the elastic deformation 
between two surfaces (as portrayed by elastic moduli in JKR or DMT theories) but instead 
the energy dissipation caused by stretching or confining the polymer chain. [32] Earlier work 
in 19’s focused on trying to explain the friction of rubbers on smooth surface. Modern work 
extended the model to other soft matter such as surfactant  [33], alkanothiol monolayer  [34], 
and protein films [35] [36]. In the theory, two mechanisms are incorporated. Interfacial 
adhesion is the mechanism that the friction is generated by chemical bond forming-breaking 
between two interfaces, directly related to the adhesion force between two surfaces [34], 
while internal cohesion refers to energy dissipation is expense for the polymer chain deforms 
elastically [32] [37]. 
Lateral force microscopy (LFM) is a powerful tool to study nanotribology. This 
method allows us to study the static and dynamic friction in molecular level. The tip is 
dragged on the surface with constant normal force and velocity, the local adhesion from atom 




to study the friction between two hard materials in contact, lead to the name frictional force 
microscopy (FFM), later on it is expands to study different behaviors of the substrate in 
molecular contacts, not limit to only the frictional force, including the molecular orientation 
and the potential field on the surface, chemical force microscopy is using the tip with 
modified chemistry of surface to recognize difference chemical of substrate substratum. 
Therefore, the name of method is generalized to LFM—the study of the lateral force. 
1.4 Silk-Elastin-Like Peptide (SELP) 
A model amyloid peptide that has recently drawn much attention is silk-elastin-like 
peptide polymer (SELP) [38, 39]. It consists of alternating domains of 8 silk-like units 
(GAGAGS), 15 elastin-like units (GVGVP), and 1 elastin unit modified by the substitution of 
valine for lysine (GKGVP) [38]. The elastin unit provides its thermoresponsive property and 
the silk unit controls the stiffness of the hydrogel which SELP forms near body temperature. 
We have recently discovered that SELP self-assembles into amyloid on mica surface at an 
ultrafast rate with virtually no lag phase [40]. We also observed that the nucleation of SELP 
amyloid can be accelerated by nanomechanical forces exerted during tapping mode imaging 
by atomic force microscopy (AFM)[41, 42]. Interestingly, the mechanically induced amyloid 
tends to grow perpendicular to the AFM scanning direction, implying that the growth 
direction is controlled by the nucleated entities created by the tapping force. This novel aspect 
was used to simultaneously control the location of nucleation and the growth direction to 
create a SELP nanofiber patterned surface. However, the molecular mechanisms underlying 
mechanically-induced nucleation of SELP amyloid remain to be found.  
Acquiring a mechanistic understanding of the complex nucleation processes which 
involve multiple intermediates require direct and continuous observation. Observation of 




nanomechanically induced amyloid nucleation directly in aqueous environments. AFM has 
been utilized to characterize the size, shape, kinetics and intermolecular forces of aggregating 
peptides on a surface in situ.[13, 43-47] In this work, we applied time-lapse lateral force 
microscopy (LFM) to study the nucleation mechanisms of SELP on mica surface in contact 
mode AFM. For higher temporal resolution, the slow scan axis was disabled and a single line 
was continuously scanned to observe nucleation in real time. As the tip of the AFM scans the 
SELP adsorbed surface, lateral force increases occasionally, indicating that strands of SELP 
are picked up by the tip and stretched until the bond ruptures. Stretching of SELP is followed 
by nucleation of an amyloid fiber growing perpendicular to the stretching direction, where we 
found a strong correlation between the probability of nucleation and the lateral force profiles.  
It thus appears that, mechanical stretching of a SELP provides a template on which the 
amyloid cross-beta structure can grow. Supporting this idea, the measured dimensions of the 
fiber agreed well with those of a molecular model of SELP amyloid. Utilizing the mechanical 
stimulus, we were able to induce nucleation of single fibers at prescribed location and growth 
direction. In addition to practical potential for positional and directional control in 
nanopatterning amyloid fibers, the present results may help understand how mechanical 
forces alter the energy landscape and guide peptides to undergo conformational transitions 




Chapter 2: Geometrical Evolution of Amyloid Nucleation 
 
2.1 Introduction 
Conventional AFM scan on the area takes 2-10 minutes, this time scale is greater 
than the protein folding which is in sub-second scale. Therefore, we overcame this time 
resolution limit by study only the height evolution in only one line scan, result in sub-second 
time scale.  
High resolution image of SELP fiber obtained using Si tip (2nm in diameter) gives us 
the precise geometrical information about SELP supersecondary structure assembly pattern. 
The height variation along the fiber shows the characteristic height in stepwise manner, 
consistent with the height evolution of the nucleation site obtained by time-lapse line scan 
experiment.  
2.2 Experimental Methods 
Silk-elastinlike protein polymer (SELP) is composed of specific repeating amino 
acids from Bombyx mori (silkworm) silk (Gly-Ala-Gly-Ala-Gly-Ser) and mammalian elastin 
(Gly-Val-Gly-Val-Pro). Silk-elastin-like peptide polymer (SELP) was produced using genetic 
modifications described by Dandu et al [38]. One SELP unit consisted of 8 Bombyx mori 
silk-like (GAGAGS), 15 elastin-like(GVGVP), and one lysine-modified elastin-like (GKGVP) 
blocks. One polymer chain consisted of a head region, six SELP units, and a tail region. The 
estimated total length of the fully extended chain is 295 nm (818 residues). Sample 
preparation began with 40μl of 5μg/ml SELP 815K in distilled water dropped onto a freshly 
cleaved mica disk (Ted Pella, Inc., CA). After 30 minutes of incubation at room temperature, 




with water for at least 3 hrs to ensure that the adsorbed protein layer was stable before 
running a time-lapse lateral force microscopy (LFM) experiment. 
The experiments were carried out on a Molecular Force Probe-3D instrument (MFP-
3D, Asylum Research, CA). A rectangular SiN probe (MLCT Bruker, CA) was used. The 
spring constant was calculated using the MFP-3D software (Igor Pro Version 6.22A, MFP3D) 
using the thermal tuning method, which gave a value of 30pN/nm. Time-lapse experiments 
were carried out in “slow-scan disabled” mode. The height and friction images were obtained 
as a stack of topology profiles in a single line trajectory as a function of time. The time-lapse 
experiments were performed for 128 sec or 512 total scan lines per each experiment. The scan 
frequency was 2Hz, thus the spatial resolution was 0.25 seconds per line. After completion of 
each time-lapse frame, an area scan was obtained in the same location to verify that the 
nucleation site leads indeed to nanofiber elongation from that location, and that it was 
perpendicular to the scan direction. 
High Resolution Imaging  was carried out by Molecular Force Probe-3D instrument 
(MFP-3D, Asylum Research, CA) in water. The Si probe on triangular SiN soft cantilever 
(MSNL Bruker, CA) was used with the tip diameter smaller than 2 nm (industrial 
specification). The spring constant was calculated using  MFP-3D software (Igor Pro Version 
6.22A, MFP3D) using the thermal tuning method, the value is around 17pN/nm. The imaging 
was done in non-contact (tapping) mode in aqueous environment. High resolution images 
were obtained in both area and time-lapse mode. 
2.3 Data Analysis 
In order to obtain the height of the nuclei that formed during the time-lapse 
experiment, the line was manually drawn on the nanofibers and extracted the average height 




section perpendicular to the fiber axis and average the height profile for 5nm thickness. The 
height profile of nanofiber was fitted with Gaussian distribution (curve fitting panel, Igor Pro 
Version 6.22A, MFP3D) to obtain the width-at-half-max and recorded as width of the 
nanofiber. Tip broadening effect was also considered in reporting the width, so the tip 
deconvolution was implemented using tip radius 2 nm (industrial specification). 
          
 
  
Where  is appearance width measured from AFM experiment.    is the tip 
radius and   is the actual width of the nanofiber. 
2.4 High Resolution Image Reveals Blob-Like Nanoribbon. 
High resolution images of SELP fiber deposited on mica substrate are obtained using 
Si tip (tip diameter 2nm, measured by Scanning Electron Microscope, SEM) instead of SiN 
tip to lessen the tip broadening effects. The image reveals the ribbon structure with a width 
8.7±2.7nm and 25±5nm and height 4.5±1.3nm. The cross section of the smaller width fiber 
seems to follow Gaussian distribution while cross section of the larger width fiber is square, 
with a little bump in the center [48] of the fiber. This implied that the fiber that has smaller 
width have one unit while the wider fibers originated from two fibers running parallel to each 
other. When the line is drawn along the fiber axis, the height profile has large fluctuation 
along the fiber axis, the histogram of the height shows the different height population with 
the quantization of 1.7 nm, causing the fiber looks like “bead-string structure”. However, 
there is no characteristic spacing between those “beads”. This bead-like might originate from 






Figure 2-1. High resolution image of amyloid nanofiber. (a) the nanofiber natureally 
deposited on the surface and formed network-like structure. (b) Higher magnification image 
exhibited the blob like structure showing higher area (indicated by red arrows) and lower area 
(indicated by black arrow). The width of these fibers is around 25nm. (c) The same protein 
fiber from different area showing that the width of nanofiber is much smaller (8nm) while the 
height and blob-like feature remained.  
Background appears to be flat, however, force spectroscopy on the background 
reveals that the background consists of enriched SELP layer that even some SELP fold and 
form fiber, this layer didn’t shows any depletion region. 
 
Figure 2-2. Upon drying, the background protein was revealed to consist of multiple sphere-
like particle of protein deposited on the surface while some underwent structural 




































































































2.5 Steipwise Increase in Height and Width Reflected Smallest Self-Assemble Unit of 
Amyloid 
 
Figure 2-3. Time-lapse experiment. (a) The time-lapse of height profile. A SELP modified 
AFM tip was scanned on a SELP adsorbed mica surface along the same scan line repeatedly 
as a function of time. At t=0, the height profile shows the heightened areas (arrows) due to 
the presence of pre-formed amyloid during the incubation stage. As time increased, multiple 
heightened sites which are indicated by asterisks were newly formed. The scan rate was 10 
µm/sec. (b) Zoomed-out AFM image after the time-lapse LFM experiment. The dotted line 
indicates where the single line was repeatedly scanned. Multiple nanofibers were originated 
from the single scanned line, confirming that the newly formed heightened sites were indeed 
the nuclei for new amyloid nanofibers. (Inset) front view of tip during LFM experiment. 
Torsion of the cantilever occurs in response to lateral forces while normal bending of the 
cantilever occurs in response to normal forces. The arrow indicates the scan direction. 
 
Figure 3 illustrates the time-lapse atomic force microscopy.  At the beginning of the 
scan, there were heightened features as indicated by arrows due to the presence of amyloids 
that were pre-formed during the incubation stage (Figure 3a).  Later on, multiple heightened 
sites appeared at different time points as indicated by asterisks. A zoomed out image of the 






























locations, confirming that increase in height during the line scan correspond to nucleation 
events (Figure 3b). 
 
Figure 2-4.  (a) Height evolution of nuclei as a function of time. A sudden stepwise increase 
in height occurred during time-lapse LFM. The multiple steps show a hierarchical assembly 
process of nucleation formation. (b) Histogram of step sizes that occurred during nucleation. 
The step size increase was quantized and the smallest step size was ~1.2 nm, which matches 
very well with the height of a single beta hairpin structure. (c) The width of mechanically 





















































































































































Figure 4a shows the height evolution profile of newly formed nuclei as a function of 
time. The height increase occurred in a stepwise manner during the scan, showing a 
hierarchical assembly process of amyloid nucleation. The smallest step size was ~1.2±0.2 nm 
(n=7) which is consistent with the dimension of one layer thickness of beta sheet structures 
(Figure 2b).[19] Some profiles showed a single large step increase which was quantized at 
2.1±0.1 nm (n=7) and 3.5±0.2 nm (n=32), indicating that multiple layers of beta sheet were 
formed instantly. The fully grown height of the nucleus coincides with the height of pre-
formed SELP which is 3.7±0.2 nm (n=7). This strongly indicates that SELP amyloid is 
composed of multiple layers of beta sheet analogous to the structure of other amyloid 
nanofibers. Rarely, continuous increase of height occurred without any well-defined step size, 
implying that aggregation of SELP also occurred. The increase in nucleus width also showed 
quantized behaviors as a function of time (Figure 2c). Initially, the width of the nucleation 
site measured using the SELP modified tip was 19±2.4 nm (n=6) but a secondary nucleation 
site was created right next to it increasing its width to 41±16 nm (n=38). When a sharpened 
tip was used to minimize the effect of tip broadening, the width of the mature fiber was 
measured to be 13±4 nm (n=14) which is similar to the width of other amyloids.[19] 
Assuming that the silk unit (GAGAGS)8 in SELP drives amyloid formation and one silk unit 
participates in one beta hairpin structure, the approximate width of amyloid which is 
determined by the half number of silk units is calculated to be ~8.6 nm (24 residues  0.36 
nm/residue). This is very close to the width measured using the sharpened tip and suggests 
that the silk unit plays a key role in amyloid assembly. The elastin units (GVGVP) may 
participate in beta sheet in a limited manner since the proline in the elastin unit tends to break 
the beta sheet structure.[49] The frequent secondary nucleation very close to a first nucleation 
site suggests that the one silk unit may be involved in forming two nucleation sites in its fully 





Figure 2-5.  Speculated molecular conformation of amyloid nanofiber based on high-
resolution image and time-lapse nucleation experiment. The silk block folded into half of 
block width formed the core of nanofiber. It stacked in bata sheet bilayer manner resulting in 
stepwise height. The elastin block serves as an connection between two strands. 
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Chapter 3: Single-Molecule Force Spectroscopy of SELP 
 
3.1 Introduction 
Single-molecule force spectroscopy is a powerful method to study the mechanical 
properties of the polymer chain. By extending the polymer chain, the force response can be 
used to interpret the elasticity [50], secondary structure [51], as well as intermolecular 
interaction between chains [52, 53]. In this section we utilized this method to study the 
mechanical properties of SELP protein adsorbed on the surface. It gained the insight on 
heterogeneity of the surface, as well as intermolecular interaction between the protein 
substrate and the AFM tip. 
3.2 Experimental Methods 
Force Spectroscopy in normal direction was performed to compare the some 
experimental data with lateral force profile. Protein sample preparation follows the method 
explained previously. In summary, SELP (S815K) was deposited on mica to form fully-
coated protein layer.  This experiment was done in aqueous solution at room temperature. 
Molecular Force Probe-3D instrument (MFP-3D, Asylum Research, CA) was used with SiB 
probe on rectangular SiN soft cantilever (MLCT Bruker, CA) with a spring constant around 
30pN/nm calibrated by thermal tuning method. The AFM tip was brought to the surface and 
subsequently pulled out in normal direction. The experiment was performed at a constant 






When the tip was brought to the protein substrate, the approach curves showed long-
range attractive force with the adhesive force 66±9pN over a range of 150nm. Once the tip is 
in contact with the substrate, it indented the surface around 10nm before retracing from the 
substrate elastically. The adhesive well showed up with the magnitude of 135±14pN over a 
range of 150nm. We often observed the retrace curves that are well-known as the stretching 
of polymer chain according to Worm-Like-Chain model (WLC model). Generally, there were 
2-5 peaks in retrace curves. There is no recognized spacing between peaks. Each peaks 
resulted in different persistent length and contour length. Therefore, we concluded that it is 
likely due to multiple peak stretching. In order to get single-molecule characteristic, nice 
curves were picked and the only last peaks that showed subsequence force dropped to zero 
were fitted with WLC model. The persistent length was 0.28±0.10nm, which is in a good 
agreement with persistent length of other proteins such as Bombyx mori silk-like [54], 
elastin-like [55], spider silk [52], or titin [51]. The contour length was 284±13nm which was 
slightly less than calculated contour length of S815K molecule (320nm). Interestingly, among 
a hundred of force curves that we observed, there exhibited two retrace force curves that 
contour length was greater than single molecule length (400nm). This indicated that the 






Figure3-1. Representative normal force spectroscopy curve obtained from the experiment. 
Red curve is approach and blue curve is retraction. (a) Major population of force curves 
consisted of multiple peaks indicated that there are multiple molecules attached to the tip. (b) 
Only force curves that clearly showed the last rupture peak are used to obtain the single-
molecule fitting parameters (fitting is shown in black line). In this case, Lp=0.27nm and 
Lc=275nm. (c) Remarkable long force curve over 426nm. Attempting to fit with WLC model 
yields Lp=0.45nm and Lc=552nm. (d) Histogram of the persistent length, (d) histogram of 
the contour length obtained from last peaks. 
 
Now we are interested in the origin of adhesion hysteresis. There are two candidates 
for the long-range attractive force, either electrostatic or van der Waals [56]. While scanning, 
SELP on the surface was transferred to the SiN tip apex and created the coated layer of SELP 
on the SiN tip. The electrostatic originated from the interaction between positively charged 
SELP molecule on the surface (pI=10) [40] and negatively charged SiN tip (pI=6). While van 
der Waals interaction arose from interaction between SELP substrate and SELP coating on the 
tip. To verify the hypothesis, we performed other experiment by varying the salt 
concentration of the solution (up to 0.5M NaCl). The result showed that as increasing the salt 




















































































0.05mM NaCl. This salt dependency supported that the adhesion hysteresis originated from 
electrostatic interaction.  
 
Figure 3-2. Representative normal force spectroscopy curves obtained at different NaCl 
concentration. The adhesion greatly decreases as increasing the salt concentration indicated 
that the electrostatic interaction involved in the adhesion force. 
 
We fit the adhesion hysteresis region based on linear combination of electrostatic 
attraction between tip and substrate and compression of . [57] [56]Therefore, the force that tip 
subjected during approaching the surface is,  
              






     
  
  
   
  
Where F(x) is total adhesion force exerted on the tip at separation distance x from the 
surface. R is radius of the tip, λ is Debye’s screening length,    and    correspond to surface 
charge density of tip and substrate respectively. ε is dielectric of the medium. L is the 
thickness of polymer brush film, kT is thermal energy, and s is mean spacing distance 












































































When the tip indented the protein film until deflection reached set point, the tip 
retraced from the surface, and it subjected to JKR, electrostatic, in addition with WLC model.  
             






     
  
  
   
          
     Where, 
           






























8.29 3392 50.4 0.68 
Ret
race 
9.30 2630 54.6 0.61 
 
3.4 Discussions 
Film’s thickness is high because the SELP is transferred to the tip and coated the tip, 
result in large effective tip radius and effective polymer’s film thickness that undergoes 
compression. Prefactor in electrostatic term is left unsolved since there are multiple variable 
that are unknown. Further research is required. After pulling experiment, the area scan was 
performed to look at the topology of the film. There is no newly-formed nanofiber nor change 
in the topology indicated that this protein film pursues self-healing effect and simply just 




Chapter 4: Lateral Force Microscopy of SELP  
 
4.1 Introduction 
LFM can measure the frictional force in the scan direction by observing the twisting 
deflection of the cantilever. The twisting of the cantilever is caused by both chemical and 
mechanical interactions between the moving tip and the substrate  
4.2 Experimental Methods 
SELP sample was prepared in the same manner as explained previously. LFM 
experiments were carried out on a Molecular Force Probe-3D instrument (MFP-3D, Asylum 
Research, CA). A rectangular SiN probe (MLCT Bruker, CA) was used. The spring constant 
in the normal direction was calculated using the MFP-3D software (Igor Pro Version 6.22A, 
MFP3D) using the thermal tuning method, which gave a value of 30pN/nm. The lateral 
sensitivity was calibrated right before each experiment based on the method explained by 
Ogletree, et.al. [58] and Varenberg, et.al. [59]. The lateral sensitivity values varied between 
100-250pN/mV, deviating from batch-to-batch of the cantilever, location of the laser spot on 
the cantilever and location of the chip. Data were acquired at 516 points/μm. The normal 
force set point was 0.14 pN. We used the 140-pN normal force since it is the smallest force 
that is reliable considering the stiffness of the tip and resolution of AFM (0.1V deflection).  
During the scan,  SELP was also attached to the AFM tip by physisorption in lateral scanning 
mode resulting in greater effective tip radius as well as greater contact between tip and the 
substrate.  
Height profiles were the result of the tip response to normal forces while lateral 




increases in friction result in positive lateral force signals while during retrace it results in 
negative lateral force signals.  
Time-lapse experiments were carried out in “slow-scan disabled” mode. The height 
and friction images were obtained as a stack of topology profiles in a single line trajectory as 
a function of time. The time-lapse experiments were performed for 128 sec or 512 total scan 
lines per each experiment. The scan frequency was 2Hz, thus the spatial resolution was 0.25 
seconds per line. After completion of each time-lapse frame, an area scan was obtained in the 
same location to verify that the nucleation site leads indeed to nanofiber elongation from that 
location, and that it was perpendicular to the scan direction. 
4.3 Data Analysis: 
In time-lapse experiments, we defined nucleation by a localized height increase in the 
background of at least 0.5 nm, which was stable after a few seconds. The lateral force profiles 
were fitted using a worm-like chain model and an exponential function using the least-
squares likelihood estimation method in a IgorPro software (Wavemetrics, USA).  
4.4 Increase in Lateral Force Results in Amyloid Nucleation 
The background frictional force between the SELP modified tip and SELP adsorbed 
mica was 165±89 pN (n=12). Figures 4-1a and 4-1b show a height image and a lateral force 
image of a newly formed nucleus obtained using time-lapse LFM. The height profile shows 
that there was a new nucleation site formed at 36.5 sec (Figure 4-1a). Figure 4-1b shows the 
variation of lateral force along the same scan line as a function of time.  A newly formed 
nucleus is also visible in the lateral force image since lateral force slightly increases 
momentarily when the tip contacts a nucleus from the side. Notably significant increase in 




consecutive line scan profiles of height and lateral force at three different points in time. At 
36 sec, the tip moved laterally from left to right and did not show any significant variations in 
either height or lateral force profile. In the following scan from right to left, the lateral force 
significantly increased by ~0.8 nN and suddenly dropped, while no change in height was 
observed. In the subsequent scan, a sudden increase in height in the marked location was 
observed, indicating the formation of a new nucleation site while the lateral force profile 
remained at a constant level. Not all the increased frictional force profiles resulted in the 
formation of nucleation sites. However, whenever new nucleation sites were formed, the 
increase in lateral force always preceded nucleation, which indicates that an increase in 
frictional force is a necessary condition for a nucleus formation. 
 
Figure 4-1. (a) A height image showing a single nucleation site formation during a time-lapse 
LFM measurement, (b) a lateral force image showing increased lateral force right before a 
new nucleation event, (c) three consecutive height and lateral force profiles during a 
nucleation. (height in black and lateral force in grey) A sudden increase in the lateral force 
profile led to a height increase in the following scan indicating that a new nucleation site (*) 





4.5 Increase in Lateral Force Originates From Stretching Laterally 
We analyzed ~100 lateral (frictional) force profiles that lead to nucleation. We 
classified them into three categories based upon their shapes: a worm-like chain (WLC) 
profile, a force profile with a sawtooth pattern and an exponential profile. The worm-like 
chain profile is shown in Figure 4-1a. The frictional force increased nonlinearly and suddenly 
dropped to the background frictional force level after reaching a maximum force. The 
nonlinearly increasing portion was fitted using the WLC model as shown below. 
     















Where   is a lateral force along the stretching direction    is Boltzmann constant, T 
is the absolute temperature,     is a contour length and   is a persistence length. When the 
nonlinear profile was fitted with the WLC model, the persistence length was 0.25±0.2 nm 
(n=15) and the contour length was 332±161 nm (n=15). This persistence length matched well 
the persistence length of a elastin molecule measured from single molecule stretching 
experiments[60],[61], implying that the stretching behavior of SELP is mainly determined by 
the elastin units in SELP. The fitted contour length was comparable to its calculated contour 
length of 295 nm (=818 residues0.36 nm/residue), indicating that a single SELP molecule is 
stretched along the scan direction during this process. The persistence length agrees well with 
the value (0.28±0.1 nm (n=50)) measured from normal force pulling as well. The maximum 
stretching force level of the WLC profiles was 318±128 (n=15). The fact that the frictional 
force profile fitted well with the WLC model strongly suggests that a single SELP molecule 





Figure 4-2. Three types of frictional force profiles which resulted in nucleation during time-
lapse LFM measurements. (a) Worm like chain (WLC) profile. The WLC model fit is shown 
in red. (b) Force profile with a sawtooth pattern. (c) Exponential force profile.  
 
The second type of a lateral force profile shows a nonlinear force increase followed 
by a sawtooth pattern (Figure 4-2b). The nonlinear portion of the profile was fitted with the 
WLC model. The persistence length and the contour length were 0.21±0.2 nm (n=55) and 
314±95 nm (n=55), respectively. The average peak force in the sawtooth pattern was 
218±158 pN (n=55) varying from 133 pN to 691 pN. The average peak to peak distance was 
33±9 nm (n=75) with the number of peaks in one pattern varying from 2 to 14. The stretching 
length which is the total stretched length of the molecule was 341±201 nm, again which is 
close to the contour length of SELP, suggesting that a single SELP molecule is stretched 
when the lateral force increased. The narrow distribution of peak to peak distances suggests 




Multiple molecule attachments and detachments can produce a similar profile. However 
based on the range of maximum stretching forces and the observation that the last peak that is 
usually the one with the highest stretching force, this profile is most likely due to stretching 
one single SELP molecule or a few SELP molecules that are connected in series. Hence we 
speculate that the sawtooth pattern originates from stretching a single SELP molecule 
followed by disruption of locally ordered structures in a serial manner. The sawtooth pattern 
was previously observed when beta sheet secondary structures on the surface was disrupted 
by mechanical force [62].  In that study, the unfolding force ranged from 70 to 200 pN, in a 
good agreement with our results. A sawtooth pattern indicates the disruption of ordered 
structures such as beta hairpin, exposing previously hidden length and thus reducing the force 
level. If the silk unit participates in locally ordered structures and the elastin unit is excluded 
from these ordered structures, the extension length due to the disruption of the ordered 
structures is largely determined by the elastin unit. The extension due to the elastin unit is 
calculated to be ~29 nm (= 80 residues0.36 nm/residue). This calculated length is very close 
to the experimentally observed peak to peak distance, implying that the sawtooth pattern is 
due to the consecutive disruption of locally ordered structures composed of the silk unit.   
The exponential profile was fitted using the following equation [63]. 
             
    
 
  
Where    is a peak force,    is a location of a peak force and   is a scaling length. 
The scaling length is the characteristic distance of the molecular network system. When an 
exponential profile was fitted to the WLC model, it produced an order of magnitude smaller 
persistence length (0.08±0.28 nm (n=32)) and a long persistence length (512±241 nm (n=32)), 
which clearly indicates that this profile cannot be fitted using the WLC model. The maximum 
stretching force was 1011±970 nm (n=32) which was significantly higher than the WLC 




unusually small persistence length indicates that multiple molecules are involved during 
stretching. The exponential model has been used to describe the mechanical behavior of 
molecular and supramolecular network structures of the flagelliform protein of spider silk.[52] 
Flagelliform protein is rich in proline and contains highly repetitive beta-spiral sequences 
which are similar to the elastin unit of SELP. We speculate that our exponential profile 
originates from molecular networks where multiple SELPs are interacting via inter-and 
intramolecular interactions. The crosslinks are likely formed by silk units and elastin units 
connect those physical crosslinks. The molecular network seems to be mechanically robust 
since we did not observe any significant drops in force during stretching which would 
indicate a release of individual chains. The stretching length was 482± 271 nm (n=32) 
varying widely from 152 nm to 1029 nm. A significant portion of the stretching lengths 
measured was longer than SELP’s contour length, confirming that multiple molecules are 
participating. The scaling length obtained from the fitting was 127±55 nm (n= 32). The 
scaling length is a parameter used to relate the distance between crosslinking points in the 
network structure. The long stretching length and the significantly high stretching force 
observed strongly suggest that an oligomeric network state of SELP is responsible for the 





4.6 Stretching Force Dependency on Nucleation Formation 
 
Figure 4-3. (a) histogram of maximum lateral force, (b) histogram of stretching length 
  
The probability of forming a nucleation site was significantly dependent on the shape 
of the force profiles. Among all the WLC profiles that we analyzed, only a fraction (~5%) of 
them successfully formed nucleation sites. This observation is not surprising since nucleation 
requires multiple molecule interactions. WLC behavior still led to nucleation in some cases 
probably due to surface diffusion of other chains or local ordering of the single chain after 
detachment. On the contrary, a plateau profile with the sawtooth pattern or an exponential 
profile showed 18% and 63% probability of forming a nucleation site respectively. The 
increased probability of nucleation formation for a profile with a sawtooth pattern shows that 
local ordering of SELP is crucial for nucleation. Even though the local ordering is disrupted 
during stretching it is expected to reform quickly as the chain is detached from the tip and 
allowed to relax[64]. The exponential profile showed significantly increased success rate of 
nucleation. This is due to aligning multiple molecules by stretching the oligomeric SELP 






nucleation. Keten et al. showed that the number of hydrogen bonding between beta sheets 
increased as a nanocrystal of beta sheet was stretched in molecular dynamic simulations [65]. 
Mechanical force helps to overcome the energy barrier of kinetically trapped states, 
facilitating the formation of locally ordered structures, hence nucleation[65].   
4.7 Discussion 
It was proposed that the lateral force originated from instantaneous bond 
forming/breaking (chemical friction) between the tip and the substrate[66]. In polymer films, 
including protein, Overney et al. described the friction due to stretching the protruded chain 
segment, which causes sawtooth patterns in lateral profiles[67]. Stretching of the long 
molecules is a major origin of friction especially for elastomers [32, 37], synthetic polymers 
[68] and various protein films[35, 36]. Plowing [69] and dragging protein chains on the 
surface [70] can also increase the frictional force.   
The frictional force profiles fitted with the WLC model shows that SELP with these 
profiles is largely unstructured like the PEVK region in titin [71]. It also demonstrates that a 
single SELP molecule can form a nucleus but its success rate is very low. The fact that the 
locations of the nuclei are not always correlated with the origins of the stretching indicates 
that the nucleus can form in any part of the stretched molecules. The force profile with the 
sawtooth pattern indicated that weak secondary bonds, also called sacrificial bonds, in the 
locally ordered structures break during stretching[72]. These sacrificial bonds can reform 
reversibly, thereby providing a "self-healing" nature to the material. The strength of the bond 
and the periodicity of the peaks indicate that the partially ordered silk units are likely to be 
responsible for this behavior. Additionally, the significantly higher chance of forming 
nucleation of these force profiles indicates that the sacrificial bonds broken during stretching 




The last peak of the sawtooth pattern was not different from the other peaks indicating that 
SELP is attached to the AFM tip with a similar force level as the force required for disrupting 
secondary structures. 
The exponential force profiles showed high probability (63%) of nucleation. The 
exponential force profile was observed in both capture-silk molecules and intact strands of 
capture silk [52]. Considering that its maximum stretching force is significantly higher than 
those of other force profiles, it is clear that some aggregated structure is interacting with the 
SELP modified AFM tip with higher adhesion force. High resolution in situ AFM studies of 
self-assembly dynamics revealed multiple oligomeric species involved in dynamic assembly 
and disassembly processes on surfaces[46]. We speculate that the different force profiles may 
indicate the heterogeneous populations of SELPs on the surface. Hence an exponential force 
profile may result from oligomeric states interacting with the SELP modified tip, exhibiting 
long stretching lengths as well as high maximum stretching forces. In this case, multiple 
molecules in the network are expected to be aligned along the stretching direction, which will 
have a significant advantage of forming nuclei via multiple intermolecular interactions in an 
extended conformation. Molecular dynamics simulation shows that stretching induces more 
hydrogen bonding, which in turn induces the formation of beta-sheet structures in the 
amorphous region[65]. We speculate that molecular stretching induces the ordering of the 
SELP backbones which can serve as a template for further nucleation. 
Figure 4d shows a plot of maximum stretching force vs. stretching distance of all the 
force profiles that resulted in nucleation. The maximum stretching force of the WLC profiles 
varied from 120 pN to 600 pN and most of their stretching lengths were shorter than the 
calculated contour length of SELP. A force profile with the sawtooth pattern showed a similar 
range of maximum stretching force but ~30% of the data showed longer contour lengths than 
the calculated contour length of SELP, indicating that dimeric or trimeric molecules might 




2000 pN and its stretching length varied widely from 150 nm to 1 µm, well beyond the 
contour length of a single SELP molecule. This indicates that an exponential force profile is 
likely to originate from multiple SELP interactions between the SELP modified tip and the 
SELP coated mica. The oligomeric SELP is formed by intermolecular interactions that lead to 
the formation of a molecular network structure. When the SELP modified tip interacts with 
the oligomeric SELP on mica, the adhesion force is expected to be higher, resulting in a 
higher maximum stretching force and longer stretching length. McAllister et al. showed that 
proteins in the aggregating state exhibit larger adhesion forces than those in the non-
aggregating state. [73]    
 
Figure 4-4. Plot of maximum stretching force vs. stretching distance.   
We believe the silk block is mainly responsible for the kinetically trapped states. 
SELP-415K which contains 4 blocks of the silk unit formed nanofibers instantaneously, 
whereas it took days for SELP-815K containing 8 blocks of silk unit to grow on a mica 
surface[40, 41]. This clearly indicates that the silk content has significant effect on the rate of 




backbone of the SELP along the scanning direction, creating a template which enhances the 
growth of the nanofiber perpendicular to the scanning direction.  
Recently, it was found that the moderate shear applied can trigger the coil-to-beta 
sheet transitions presumably by stretching the macromolecule before folding it into a parallel 
beta-sheet.[74, 75]. Our results strongly suggest that macroscopic shear force or sonication 
may play a similar role of stretching as observed in our system, providing an extended 
conformational state, a template for further nucleation growth and thus amyloid assembly.  
4.8 Speculation on mechanisms of nucleation formation under nanomechanical 
stretching 
During incubation, the SELP molecule will adsorb on the mica surface via a fly-
casting mechanism due to electrostatic attraction. The adsorbed SELP is likely to have a 
reduced number of states accessible to the unfolded state, thereby reducing the entropic cost 
of folding on the surface compared to the bulk state. There could be limited surface diffusion 
of SELP locally, forming oligomerized states. However, the high activation energy of the 
partially ordered structure of the silk unit slows down the nucleation process significantly. 
When the SELP was mechanically stretched by the AFM tip, the extended conformation 
causes other molecules to assemble onto it, forming a nucleus (Figure 4-5). The laterally 
stretched molecules will survey the protein-coated surface. The extended conformation 
provides an ideal template for nucleation. Nearby silk units will bind to the template to form a 
critical size for nucleation. Inter- or intramolecular interactions between multiple SELPs 
stretched together or local fluctuations of conformational states cause growth of assembled 
nuclei through an induced fit mechanism using a template formed during stretching [76]. 
Once the nucleus reaches the critical size, its lifetime is long enough for other molecules to 




the scan direction, which further guides the assembling direction of amyloid [45]. It is also 
possible that additional ordered structures may align during stretching, guiding the directions 
of amyloid growth. 
During the mechanical relaxation process, the SELP can reconfigure itself and form a 
hairpin unit. Amyloid with ~ 8 nm width is formed when one silk unit folds onto itself. After 
SELP is detached from the tip, it may further accelerate nucleation by interacting with 
aligned oligomeric states during stretching.  This stretching process may mimic a system in 
living organisms where the regulatory protein chaperone reverses misfolded protein 
intermediates to their native state by stretching.[77]   
 
 
Figure 4-5. Speculated molecular mechanism of nanomechanically induced amyloid 
nucleation. (a) SELP on the surface attached to SELP modified tip via nonspecific 
interactions. (b) As the tip moves along the scan direction, SELP is stretched, aligning its 
backbone along the scan direction. This nanomechanical stretching leads to an increase in 
lateral force. (c) The extended conformation of SELP may serve as a template for further 
nucleation assembly by incorporating nearby SELP molecules. It also aligns small segmented 
secondary structures along the scan direction. (d) SELP detaches from the tip. This relaxation 








Chapter 5:  Exploration of the Activation Energy of 
Mechanically induced Amyloid Nucleation 
 
5.1 Introduction 
In this chapter, we will explain the model of mechanical force from AFM tip induced 
amyloid nucleation. By varying the normal force set point, the nucleation rate was 
determined. The nucleation rate was used to obtain the statistical thermodynamics parameter 
so called the activation energy barrier. This chapter will elucidate the stoichiometric nature of 
this process and serve as the guideline for future amyloid nucleation model. 
5.2 Theory 
When the solution is incubated on mica, silk-elastinlike peptide (SELP) absorbs on 
muscovite mica and forms densely packed protein layer. In contact mode, AFM tip 
approaches the substrate and get in proximity contact with the SELP precursor. A bond 
between tip and protein forms, leads to interaction between tip and protein chain. During the 
scan, the lateral force profile indicates that protein chains are picked up by the AFM tip and 
stretched along the scan direction while the normal force remains constant by the feedback 
loop of the AFM. As the tip travels away from the pick-up location, SELP molecule is 
subjected to the tension in the chain and as a consequence, the protein is extended along the 
scan direction in a high enthalpic state. At the maximum rupture force, the SELP chain is 
released from the tip and refolds, lead to SELP fiber formation on the mica surface. 
 
It is the complicated processes involving non-specific interaction between protein 
film and the tip, the adhesion of protein on surface and the tension in the protein chain that 




components need to be balanced unless protein couldn’t successfully extend and neighboring 
protein cannot diffuse to self-assemble into a nanofiber.  
 
Since there are multiple processes involved in mechanical force induced amyloid 
nucleation, the protein needs to overcome multiple energy barriers. While the normal force 
exerted by the AFM tip increases the frictional force, it also increases the rate of nucleation. 
This effect can be explained by the fact that the greater the frictional force, the greater chance 
that the protein will be picked-up by the AFM tip and stretched, resulting in nucleation.  
 
Here, we attempt to obtain the effect of mechanical force from the AFM tip on the 
amyloid formation under the assumption that the normal force applied form the tip enhances 
the nucleation rate by increasing the chance of bond formation between tip and substrate 
protein. Using beautiful transition state theory derived by Kramer [1], the probability that the 
nucleation reaction will succeed is inversely proportional to the exponent of the free energy 
of activation of the reaction. 
        
   
   
  
The exponential term corresponds to the Boltzmann-Arrhenius exponential factor in 
the rate of reaction equation.  
In the presence of compression from tip, the energy dissipated between tip and 
sample lowers the activation barrier hence increasing the probability of a bond formation. 
          
        
   
      
        
   
  
Where    is the compressive force,   is the characteristic length related to the width 
of the activation barrier in the reaction coordinate.  




     
    
        
   
 
      
        
   
 
 
 Finally we arrived at the probability of successful stretching as a function of applied 
compressive force, 
     










      
    
   
  
And, 
         
5.3 Experimental Methods 
The sample preparation and experimental setup followed the methods explained 
previously. SiN tips with different spring constant were used to confirm the independency of 
tip’s stiffness. The normal force varied from 0.35nN to 2.8nN. At higher normal force level, 
the effect of plowing can be seen due to the removal of protein from the surface.  To study 
the frictional force on the surface, lateral force microscopy was performed.  
 
5.4 Time-Lapse Experiment: Data interpretation 
The above model is applied for time lapse nucleation experiment, where the tip is 
scanned back and forth on the same molecules during single line scanning. When tip travels 
over a SELP monomer, bond(s) between tip and SELP start to form. Sufficient number of 




strong enough to tolerate the rupture of SELP and the fiber cannot be formed. If the bonding 
is strong enough, the SELP is ruptured and nucleation is observed right in the next scan. We 
simplify the model by assuming that there is no memory effect on the protein after 
unsuccessful stretching, meaning that protein recovers to the original conformation after 
detachment. This hypothesis is widely used in modeling protein folding and is known as the 
two-state model. [78-80]. The probability to observe the nucleation after t
th
 scan is then equal 
to the probability that the tip will successfully stretch the protein after t
th
 trials. This 
probability follows a geometric distribution. 
                               
 
  




   
 
5.5 Normal Force Dependency on Amyloid Nucleation 
In the time lapse line scan experiment, the tip is drawn on the SELP molecule with 
afrequency of 1 Hz. Thus there are two attempts (trace and retrace) in every one second. The 
number of attempt required to observe the nucleation is plotted as function of theapplied 
force, . 
  
Figure 5-1. Number of scan until the nucleation site is observed is proportional to the normal 
force set point. At higher normal force, the nucleation site tends to form faster, resulting low 





























In order to obtain the probability of nucleation at different normal force, the 
arithmetic mean of the number of attempts        is found and relate to the probability of 
nucleation        via the equation,  
      
 
      
 
Table 5-1. Probability of Nucleation at different normal force 
Normal force (nN) 0.35 0.7 1.4 2.8 
Probability 0.011 0.028 0.033 0.033 
 
Finally, the probability of nucleation can be used to calculate the activation energy 
barrier in which   =0.032±0.009 and    0.60 ± 0.9 nN. This value corresponds to the 
activation energy of         or 2kCal/mol, which is around one hydrogen bond.  
5.6 Normal Force, Frictional Force, and Amyloid Nucleation Rate 
 
Figure 5-2. Relationship between normal force and frictional force did not follow Amontons-
Coulomb law, which is the linear relationship. Some data showed the standard deviation bar 
smaller than the data points. 
 
When the normal force was varied to observe the frictional force change, the 


























When the tip is in contact with the substrate, increasing the normal force will greatly increase 
the contact area resulting in greater numbers of bond formation between protein and the tip, 
hence greater frictional force. Number of bonds formed between tip and protein film is 
exponentially increased with normal force, so called kinetics rate equation [32]. This result 
supported the above theory that the normal force affected the amyloid nucleation by 




Chapter 6:  Single Nanofiber Patterning 
 
6.1 Introduction 
Understanding the molecular mechanism of mechanical force induced self-assembly 
of SELP nanofiber served as the model system to understanding other amyloid proteins which 
are believed to be pathogenic as well in other amyloid-like protein such as spider silk and 
silk-worm silk. For instant, one can prevent the mechanically induced tau protein aggregation 
into amyloid in Alzheimer’s disease patients by designing the smart drug that prevents the 
elongation of tau protein. The other smart design includes the drug that stabilizes the 
elongated state (beta sheet nuclei) and prevents further assembly of nanofiber core. While our 
experiment is done in vitro, molecular chaperone enzyme catalysts folding of protein in vivo 
by stretching it [81]. The other implication is that one can design the smart biomaterials in 
which shows superior toughness in certain direction by controlling the flow during self-
assembly based on the fact that beta sheet is very tough in the parallel direction (tear mode) 
but modulate in perpendicular direction (shear mode) [23]. This concept is well illustrated by 
spider during silk spinning process. When concentrated protein solution is extruded through 
small spinneret, excessive shear force induced self-assembly of the beta sheet in the direction 
perpendicular to the shear flow direction. Later on the entire solution is dried out and results 
in spider fiber with extra toughness [82]. 
Considering the other application of this process, one can use this concept to create 
the nanoscale devices based on biomaterials such as protein fiber.  Jonathan et. al., [29] 
enlightened the possibility of using nanomechanical stimuli to create the nanopattern made of 
nanofibril biomolecule with controllable directionality. However, in practical, this concept is 




form randomly on the surface. Later on, Johnson et.al., [83] used different controlled AFM 
parameters, such as scan speed and scan line density, to gain better control on the nanofiber 
patterning and the nanofiber array pattern is successfully formed. Still, pattern of single 
nanofiber is challenging. 
 
Figure 6-1. Patterning of SELP nanofiber arrays showed the potential as neuronal guidance 
circuit. In this case, the “UMD” pattern was created with the width of 1 μm [83].   
 
After elucidating the molecular mechanism of each individual nanofiber patterning as 
explained in the previous chapters, the individual single nanofiber can be created at specific 
location and controllable directionality.  
 
6.2 Experimental Methods 
Sample preparation follows the method explained previously. Lateral force 
microscopy (LFM) was performed. In order to create the single nanofiber, the tip is scanned 
along the single trajectory until the heightening area was found, indicate that the nucleation 
site was formed, and then stopped the single line scan. After one minute, the area scan was 






6.3 Single nanofiber patterning 
Using the method explained above, the single nanofiber patterning is successfully 
formed. The major complication is that the nucleation site usually resulted in two or more 
nanofibers which are not desirable. Close observation showed that the WLC curves tend to 
result in single nanofiber while sawtooth and exponential curves tend to yield multiple 
nanofibers. For future suggestion, one get better control on single nanofiber nucleation by 
slowing down the aggregation rate, for example, using low temperature sample. Utilizing 
tapping mode also minimizes the interaction between tip and the protein film and lesser 
chance of picking up multiple molecules. 
 
Figure 6-2. Single nanofiber pattern was created by repeatedly scan on the single line (as 
shown in dotted line) until the nucleation site was observed. After that, the area scan was 
performed on the line scan to reveal the single nanofiber elongated from the scan direction.  
 
6.4 Conclusion 
In conclusion, we found that nanomechanical stretching of SELP lowers the 
activation energy of nucleation by increasing the lifetime of the extended conformation which 
acts as a template for nucleation of SELP amyloid on the mica substrate. Our direct 
observation of nucleus evolution revealed the stepwise increase in heights which matches the 
size of a beta hairpin structure in amyloid fibrils very well. The fact that the amyloid grows 




























































amyloid growth. Using this technique, a single nanofiber pattern was successfully created. 
The insights learned from this work may contribute to the design of a novel peptide system 
that can create a well-defined nanofiber patterned substrate and serve as a useful platform in 
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